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ABSTRACT So-called TRK proteins are responsible for active accumulation of potassium in plants, fungi, and bacteria. A pair
of these proteins in the plasma membrane of Saccharomyces cerevisiae, ScTrk1p and ScTrk2p, also admit large, adventitious,
chloride currents during patch-recording (Cl efﬂux). Resulting steady-state current-voltage curves can be described by two
simple kinetic models, most interestingly, voltage-driven channeling of ions through a pair of activation-energy barriers that lie
within the membrane dielectric, near the inner (a) and outer (b) surfaces. Two barrier heights (Ea and Eb) and two relative
distances (a1 and b2) from the surfaces specify the model. Measured current amplitude parallels intracellular chloride
concentration and is strongly enhanced by acidic extracellular pH. The former implies an exponential variation of a1, between
;0.2 and ;0.4 of the membrane thickness, whereas the latter implies a linear variation of Eb, by 0.69 Kcal mol
1/pH. The
model requires membrane slope conductance to rise exponentially with increasingly large negative membrane voltage, as
veriﬁed by data from a few yeast spheroplasts that tolerated voltage clamping at 200 to 300 mV. The behaviors of Eb and a1
accord qualitatively with a hypothetical structural model for fungal TRK proteins, suggesting that chloride ions ﬂow through
a central pore formed by symmetric aggregation of four TRK monomers.
INTRODUCTION
Accessory, or adventitious, channel-like ion ﬂuxes have been
widely observed in ion-coupled amine transporters and
excitatory amino-acid transporters from neural tissues of
vertebrates and from a variety of invertebrates (1–4). Such
movements either can be triggered by application of the
substrate (but occur in non-stoichiometric quantities, i.e.,
transport-associated currents), or can arise under special
conditions in the absence of substrate (constitutive leakage
currents). In different transporter systems, these accessory
ﬂuxes comprise mainly chloride ions or sodium ions, but the
question of whether they parasitize the normal transport
pathway, as, e.g., in multi-ion single-ﬁle transit (5,6), or
follow a completely different route (7), is still unclear.
The best understood of these transporters possess several
peptide loops which enter and re-exit the cell membrane
from one side, as judged initially from hydrophobicity cal-
culations and accessibility measurements (8,9) and con-
ﬁrmed recently in crystal structures (10). Such recurrent
loops (P)—sandwiched between bona ﬁde transmembrane
helices (M)—are now widely recognized as signature features
of ion channels, and are best characterized in potassium
channels, especially the crystallized bacterial potassium
channel, KcsA from Streptomyces lividans (11,12). The
ﬁnding of potassium-channel-like recurrent-loop sequences
in the TRK family of microbial and plant active K1
transporters (13–15), led to the demonstration that those
sequences could be folded like K1 channels, overlaid upon
the crystal structure of KcsA (16). Recent experimental work
(both functional and topological) on several different species
of TRK proteins has veriﬁed the structural inference, spe-
ciﬁcally the presence of four MPM motifs within the com-
plete folded structure of TRK proteins (17–21), as illustrated
in Fig. 1.
Two members of the TRK family, ScTrk1p and ScTrk2p,
are present in the yeast Saccharomyces cerevisiae, and these
have recently also demonstrated large inward currents which
are dependent upon intracellular chloride concentration (22).
In wild-type yeast grown in abundant potassium, and assayed
by conventional patch-clamping, the putative chloride currents
are approximately equal in size through the two proteins,
Trk1p and Trk2p, but the total amplitude is modulated by
both strain background and cell size. The kinetic behavior of
these currents—their overall current-voltage relationship—
resembles that of the mammalian glutamate transporter
EAAT5 (3) expressed in Xenopus oocytes, but chloride ﬂux
in the yeast TRK proteins may occlude the proteins’ normal
potassium-transport function (22). It is certainly not initiated
by the potassium transport process.
Although a variety of essentially artifactual modes have
been suggested for passage of chloride through biological
membranes (23–27), these spurious modes can be ruled out
for the TRK proteins, by observations already presented
(22). Principally, it is clear that generalized membrane
effects of chloride are not involved, because deletion of both
of the yeast TRK proteins eliminates .90% of the chloride-
dependent currents, and only elevated intracellular chloride
evokes the currents (inward, reﬂecting chloride efﬂux),
whereas elevated extracellular chloride evokes no correspond-
ing currents (outward). Furthermore, as is demonstrated
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below, chloride permeability, as distinct from conductance, is
a stable property of the TRK proteins, independent of the ac-
tual cytoplasmic concentration of that ion. Finally, the kinetic
form of the chloride currents, dependent upon the membrane
voltage, is the same for both yeast TRK proteins, Trk1p and
Trk2p, and is independent of their effective expression/ac-
tivation levels, as determined by the Saccharomyces-strain
background (22). The form is also quite different from that
expected for diffusion through an ion-leakage pathway.
Two distinct models have been derived which are com-
putationally equivalent for most of the accessible data: the
ﬁrst based on Nernst-Planck diffusion through a simple voltage-
gated channel; the second based on voltage-driven ﬂow
through two chemical activation steps, in series within the
membrane. Both models ﬁt the data economically, requiring
only a single intrinsic parameter to change systematically
over each set of conditions, in the normal range of clamped
membrane voltages, i.e., 20 mV to 200 mV for yeast sphe-
roplasts. Sparing data at larger voltages, 200 to 300 mV,
favor the second model.
MATERIALS AND METHODS
The background strains for all experiments in Figs. 2–4 were BS202 (Mata)
and BS203 (Mata), with the genotype ade2-1 can1-100 his3-11,15 leu2-
3,112 trp1-1 ura3-1 lys2-DNhel in the W303 background, as provided by
Dr. Albert Smith (Yale Department of Molecular, Cellular, and Develop-
mental Biology, New Haven, CT). Strains actually used for the experiments
were EBC202/203, derived from BS202/203 by deletion of PMR1 (pmr1D::
TRP1), which encodes a Golgi-resident calcium pump; deletion of that gene/
protein results in substantial enlargement of both intact cells and sphe-
roplasts of Saccharomyces.
Quantitative I-V analysis of strain-background effects on the TRK-
dependent chloride currents (Fig. 11) was made possible with strains pro-
vided by Dr. Per Ljungdahl (Ludwig Institute, Stockholm, Sweden) and
derived from PLY232/248, which have the genotype Mata/a his3-D200
leu2-3,112 trp1-D901 ura3-52 suc2-D9, in the S288c background.
Comparison of chloride currents with Trk1p and Trk2p expressed separately
required several additional strains (detailed in Fig. 11 and its legend)
constructed by deleting either TRK1 or TRK2 from BS202/203, EBC202/
203, and PLY232/248, as already described (22).
Cells were normally grown in shaking liquid YPD medium (0.5% yeast
extract, 0.5% bactopeptone, 2% glucose), at 30C, to a ﬁnal OD600 of
0.8–1.2. For strains carrying the pmr1D mutation, 10 mM CaCl2 was added
to the growth medium; and for trk1D strains, 90 mM KCl was added.
Alternative ions (Cl, gluconate) were tested in the standard intracellular or
extracellular buffers (see below) by direct substitution for molar-equivalent
chloride. Glycerol, used in a few experiments at concentrations up to 10%
w/v (;1 M; as osmotic stabilizer), had no readily observable deleterious ef-
fect on yeast, other than slight retardation of growth (doubling times of 1.9–
2.1 h instead of the normal 1.75 h, at 30C), as had already been
demonstrated during its use as a chemical chaperone (21,28).
Cells were spheroplasted as previously described (29). Brieﬂy, after har-
vesting from late exponential phase cultures, cells were washed in 50 mM
KH2PO4 at pH 7.2, preincubated 0.5 h in the same buffer supplemented with
0.2% b-mercaptoethanol (b-ME; Buffer A), centrifuged, then resuspended
in Buffer A plus 2.4 M sorbitol (Buffer B) containing 0.6 units of zymolyase
20T (Cat. 3320921, ICN Biomedicals, Irvine, CA), and incubated for 45 min
at 30C with slow nutation. The resulting spheroplasts were spun down, then
gently resuspended in stabilizing buffer (Buffer C: 220 mM KCl, 10 mM
CaCl2, 5 mMMgCl2, 5 mMMES brought to pH 7.2 with Tris base,1 0.2%
glucose), where they could be maintained for several hours at 23C, if
necessary, before use. For recording, ;2 ml of suspension was pipetted
directly onto the chamber bottom, and cells were allowed to settle (;10 min)
and attach lightly to the chamber, before the chamber was ﬂushed with the
recording solution.
Recording solutions were simple modiﬁcations of those already
described for patch-clamp studies of Saccharomyces (22,29). Buffer D
(sealing buffer, extracellular) and Buffer 5.5 contained 150 mMKCl, 10 mM
CaCl2, 5 mMMgCl2, 1 mMMES titrated to pH 7.5 (Buffer D), or to pH 5.5,
with Tris base; and Buffer G (whole-cell pipette buffer), contained 175 mM
KCl, 1 mM EGTA, 0.15 mM CaCl2 (free Ca
21 ¼ 100 nM), 4 mM MgCl2,
and 4 mM ATP, titrated to pH 7.0 with KOH. Chloride-depleted buffers
were mostly prepared by equimolar K-gluconate replacement of the KCl
present in Buffers D, 5.5, or G. Elevated intracellular chloride (258 and
591 mM, in Fig. 2), required 75 mM KCl or 408 mM KCl to be added,
respectively, to Buffer G. Also, osmotic balance for the 591 mM chloride re-
quired addition of 1 M glycerol to all extracellular solutions, including growth
medium (YPD), the spheroplasting solution, and Buffers C, D, and 5.5.
For the experiments in Fig. 10, testing the effects of (low) extracellular
chloride on the TRK-dependent currents, Buffers G and 5.5 were replaced
with zero-K1, low Cl variants, i.e., pipette (intracellular) solution: 1 mM
choline-Cl, 313 mM sorbitol, 1 mM EGTA, 0.15 mM Ca-gluconate, 4 mM
Mg-gluconate, 4 mMMg-ATP (pH 7.0); and bath solution: 1-3 mM choline-
Cl, 265 mM sorbitol, 10 mM Ca-gluconate, 5 mM Mg-gluconate, 1 mM
Mes-Tris pH 5.5. The 100-mM-chloride solution used in trials of Fig. 10 B
(upper curve) was similar to the low-chloride version of Buffer 5.5, but
contained only 90 mM sorbitol, with 100 mM choline chloride added.
Patch recording was accomplished with borosilicate pipettes connected to
an EPC9 ampliﬁer (22,29), which was managed by PULSE software (HEKA
Elektronik, Lambrecht, Germany) via a PowerMacG4 computer (Apple
Computer, Cupertino, CA). Yeast membrane currents were measured by
whole-cell patch recording, using a staircase of 1.5-s or 2.5-s voltage pulses
(from a holding voltage of 40 mV), to 1100 mV, 180, . . .180, 200
mV, in 20-mV decrements. Steady-state current-voltage curves (I-V curves)
were generated by averaging the values sampled between 0.5 and 0.9 of the
pulse width, and plotting the averages against clamped voltage for each
pulse. The results were corrected for obvious current leakage by subtracting
the Ohmic line corresponding to the minimal slope of the raw I-V curve near
the origin (22). In these experiments, data were always collected between
1100 mV and 180 or 200 mV, but the actual data displays (current
records as well as I-V plots) were truncated at 120 mV, since positive
(outward) currents were unrelated to the TRK proteins (22,30). Data were
routinely collected at 2 kHz and ﬁltered at 250 Hz.
FIGURE 1 Bar-and-string diagram of the ScTRK1 protein, folded like
a potassium channel. The primary folding subunit is a pair of transmembrane
helices (M1, M2) sandwiching a recurrent loop (P), with strong sequence
conservation among the four MPM units (a–d), and with signiﬁcant sim-
ilarity to bacterial potassium-channel sequences. Drawing is based on a
detailed structure proposed by Durell and Guy (16) and supported by
sidedness determinations on the ScTRK2 protein (see Ref. 21) and on
several plant homologs.
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RESULTS
Detailed dependence of the major TRK-mediated
currents upon cytosolic chloride
As a simple way to minimize both recording impedances and
liquid-junction potentials, chloride-containing bridge solu-
tions (KCl solutions) have customarily been used to ﬁll
microelectrodes for whole-cell patch recording. However,
it was shown ;20 years ago that such solutions rapidly
depolarize yeast-like cells of the mycelial fungus Neuros-
pora crassa (31); and the likely cause of that depolarization
can now be inferred to have been massive chloride efﬂux
FIGURE 2 The amplitude of TRK-dependent current is proportional to the intracellular Cl concentration ([Cl]i). (Top nine panels) Whole-cell recordings
from nine different spheroplasts with patch pipettes containing Cl at concentrations indicated above each panel. (Lower left panel) Voltage-clamp protocol
(superimposed tracings) used to generate currents in the upper panels: 1.5-s square pulses from a holding voltage of 40 mV to120, 0, 20 . . . 180 in 20-
mV decrements. (Lower right panel) Plot of the measured steady-state currents (Im) at three values of membrane voltage (Vm):100 mV,140 mV, and180
mV, to demonstrate the dependence on [Cl]i. Symbols represent average currents calculated along each tracing in the interval 0.8–1.4 s, and straight lines are
least-squares ﬁts of the points, with intercepts forced to zero, and slopes found to be 0.067, 0.211, and 0.506 pA/mM, read from top downward. Each
record set is representative of recordings from three or more spheroplasts. Yeast strain EBC202; extracellular pH (pHo) was 5.5 in all experiments; [Cl
]o ¼
195 mM; pHi ¼ 7.0. Cells and solutions prepared as described in Materials and Methods.
FIGURE 3 Steady-state current-voltage (I-V) plots corresponding to Fig. 2, emphasizing the strong inward rectiﬁcation due to chloride efﬂux through the
TRK proteins. (Top nine panels) Averaged currents for all records from comparable experiments (minimum of three spheroplasts for each value of [Cl]i). All
plots corrected for small Ohmic leakage currents (22). General description and conditions as for Fig. 2; axis scales at the top and right-hand side apply to all
plots. (Lower right panel) Slope conductances at three voltages calculated from smoothing polynomials (fourth degree) ﬁtted to the data plots. Conductance
lines were ﬁtted by least-squares, forced through the origin; slopes: 9.56, 5.29, and 2.35 pS/mM, read from top downward. Point in brackets (slope at180 mV
for [Cl]i ¼ 52 mM) was omitted from the ﬁt.
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through the Neurospora TRK protein. [In the eight trans-
membrane segments and four P-loops, NcTrk1p is 58%
sequence-identical with Trk2p in Saccharomyces, and 75%
homologous when conservative substitutions are included.]
In patch-clamp experiments with yeast, reduction of pipette
[Cl] from 183 mM to 8 mM, by replacement of the usual
175 mM KCl with equivalent K-gluconate, reduced the
TRK-dependent inward currents (anion efﬂux) by .90%
(22). A more detailed demonstration of such results is shown
in Fig. 2, for total intracellular chloride concentra-
tions between 0 (assumed to be ;10 mM) and 591 mM, at
an extracellular pH of 5.5. Required clamp currents were
negative (inward; downward from the dotted lines) for
almost all voltage pulses negative to 0 mV, and settled to
their steady-state values within 50–75 ms. Furthermore, as is
shown in the inset (lower right panel), these steady-state
currents were proportional to the test chloride concentra-
tions. Summary current-voltage plots of the steady-state
currents (leak-corrected) are given in Fig. 3, which especially
emphasizes the strong inwardly rectiﬁed characteristic of
these TRK-mediated currents: e.g., slope conductances at
180 mV were typically fourfold larger than those at 100
mV, as is demonstrated especially by inset of Fig. 3 (lower
right panel).
Both inset plots, for Figs. 2 and 3, have omitted the
corresponding points for the highest chloride concentration
tested, 591 mM, which in all cases were signiﬁcantly
smaller (lying closer to the abscissa) than predicted from
regression lines drawn through all points for the lower
concentrations. In other words, the I-V curve for [Cl]in ¼
591 mM was obviously distinct in shape, not just in scaling,
from those for the other eight concentrations tested. Al-
though a plausible simple interpretation of this fact has
emerged from kinetic modeling (see below), the result may
also have been inﬂuenced by the practical necessity for
osmotic protection of cells to be tested with nearly ;600
mM intracellular (pipette) salt. Suitable protection was
provided by supplementing buffers used for growth, sphe-
roplasting, and stabilization with 1.2 M glycerol. At that
concentration glycerol serves well in yeast both as the
preferred compatible osmolyte (32) and as a chemical
chaperone (21,28).
pH-Dependence of the TRK currents
Before the role of chloride was appreciated, Bihler et al. (30)
noted a strong dependence of these large TRK-mediated
currents on extracellular pH, with currents at any one clamped
membrane voltage increasing in amplitude by six- to eight-
fold from pHo 7.5 to 4.5. This occurred in such fashion that
the I-V curve at pHo 7.5, for instance, appeared simply to be
displaced negatively along the voltage axis,;110 mV nega-
tive compared with the I-V curve at pHo 4.5. More detailed
ensembles of records, similar to those of Fig. 2, have now
been obtained, and the resultant average leak-corrected current-
voltage curves are plotted in Fig. 4.
Superﬁcially, these curves resemble the ones shown in
Fig. 3 for variation of [Cl]i, but there is no simple pro-
portionality between the extracellular proton concentra-
tion and either the amplitude of current at any one voltage
or the slope conductance of the I-V curves (Fig. 4, inset).
The fact of this distinctly ,10-fold increase of current,
accompanying a 1000-fold increase of proton concentra-
tion, suggests modulation of the currents by pHo, rather
than a substrate-like interaction of protons with the trans-
porters, such as that developed above for chloride ions.
That protons cannot actually conduct the currents of Figs.
2–4 was previously inferred from the complete insensitiv-
ity of such currents to extracellular (H1) buffer capacity
(22).
The subtle difference in kinetic effect of changing pHo,
compared with changing [Cl]i, is demonstrated by the
FIGURE 4 Steady-state I-V plots to demonstrate the strong dependence of chloride currents upon acidic extracellular pH. Protocols and general
information as for Fig. 3. (Right panel) The logarithm of slope conductance was found to vary with pH (logarithm of H1 concentration), but yielded
Hill coefﬁcients signiﬁcantly less than unity: 0.22 (:), 0.30 (h), and 0.46 (d), identifying H1 ions as a modiﬁer in the chloride transport process,
rather than as a substrate. Plotted values of current, throughout, are averages from at least four spheroplasts, each having been measured at all four pHo
values.
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obviously nonlinear relationship of slope conductance to
pHo, which yields log-log slopes (Hill plots) much less than
unity, viz. between 0.22 and 0.46 for the three voltages
plotted. A quantitative understanding of these two sets of
current-voltage relationships, with their well-deﬁned de-
pendence on cytosolic chloride concentration and on ex-
tracellular pH, can be obtained only by explicit kinetic
modeling.
Two kinetic models for steady-state chloride
currents mediated by the TRK proteins
Equations which reasonably describe the I-V relationships in
Figs. 3 and 4 can be derived from two distinct classes of ki-
netic models.
The ﬁrst—and most familiar—of these arises from the
idea of Nernst-Planck diffusion of ions through a voltage-
gated channel. Its simplest form applicable to observations of
steady-state chloride current through the TRK proteins is













expðzgFðEg  VmÞ=RTÞ1 1
 
; (1)
in which Im is the measured current, f is an experimental
scaling factor, and zcF in the ﬁrst bracketed term converts
chemical ﬂux to current; zc, the valence of the diffusible
ions, is taken as 1, since the major permeant ion is chloride.
zcFVm/RT, in the ﬁrst term, is the reduced membrane volt-
age, which combines with the second bracketed expres-
sion to describe constant-ﬁeld diffusion of chloride and
potassium (33); Ki, Cli and Ko, Clo are the intracellular
and extracellular concentrations, respectively, of potassium
and chloride ions, and PK, PCl are the corresponding perme-
abilities.
The third bracketed expression represents the steady-state
open probability (Po) of a channel that is driven open by
negative membrane voltages (Vm), driven closed by positive
membrane voltages, and is poised half open at Eg, its char-
acteristic gating voltage. Channel opening and closing are
mediated via displacement of a gating charge, zg, through
the membrane dielectric. R, T, and F have their usual mea-
nings. Equation 1 will be referred to as the Gated-channel
Model.
A more general class of models, which would not require
switch-like gating behavior of the TRK system, derives from
the idea that membrane-transport processes—like conven-
tional chemical reactions—occur via activated states, other-
wise termed energy barriers. The simplest variant of this
idea which can approximate the current-voltage data in Figs.
3 and 4 contains two barriers, a and b, located in series
within the membrane dielectric, as depicted in Fig. 5 (top
panel). Because this kind of model is much less familiar than
the voltage-gated channel leading to Eq. 1, its mathematical
formulation is presented in Appendix A. The resulting






where symbols common to Eq. 1 have the same meanings. a1
represents the fractional distance of barrier a from the inner
face of the membrane dielectric, b2 represents the fractional
distance of barrier b from the outer face of the membrane
dielectric, A¼ exp(Ea/RT) is the reciprocal of the Boltzmann
expression relating reaction velocity to activation energy
(Ea) at barrier a, and B ¼ exp(Eb/RT) is the corresponding
term for barrier b. Equation 2 will be referred to as the Two-
barrier Model.
Both models contain four intrinsic parameters which could
control the detailed shapes of calculated current-voltage
curves under different experimental conditions. In the gated-
channel model (Eq. 1), those are PCl, PK, zg, and Eg; in the
two-barrier model, they are a1, b2, A, and B. However, in
practice both models displayed only three variable intrinsic
parameters, because PK could be ﬁxed at a small value and
was completely unnecessary except at the lowest two
chloride concentrations (;0.01 mM, 8.3 mM); and because
b2 always assumed its minimal value (zero) in parameter
optimization runs. The resultant implied shape of the double
FIGURE 5 Activation-energy diagram for a two-barrier mechanism of
chloride transport. (Top panel) Deﬁnition of terms. Barriers a and b rep-
resent activation energies Ea and Eb, and are positioned at distances a1 and
b2, respectively, from the surfaces of the membrane dielectric. (Bottom
panel) Diagram adjusted roughly for the relative heights and positions of the
barriers, deduced from data analysis, as inﬂuenced by changing chloride
concentration (DCli) and changing pH (DpHo).
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barrier is depicted diagrammatically in Fig. 5 (bottom panel).
Finally, the extrinsic parameter f, a pure scaling factor, was
again required to deal with the scattered sizes of yeast
protoplasts that are patchable under the normal conditions of
these experiments.
Both models ﬁt the pH-dependence data, and
with only one pH-dependent parameter
The clearest results obtained when all variations of the test
conditions could be executed on every spheroplast studied.
Such was possible, and routine, when extracellular pH was
varied, i.e., to generate the plots of Fig. 4. Then f could be
ﬁxed at unity, and the ﬁtting algorithm (34) was arranged so
that two of the three parameters in each model were obtained
in common for all four current-voltage curves, whereas the
third was allowed to vary from one curve to the next. The
resulting optimal ﬁts of the two models are shown separately
in Fig. 6, and examination of the two panels shows clear
differences, but they are small. Both curves ﬁtting each I-V
plot were qualitatively satisfactory; and statistically, neither
model differed signiﬁcantly from the data, except for the
small-current points at pH 4.5 (Vm positive to 80 mV), as
indicated by the X2 values in Table 1. Also, there were no
signiﬁcant differences between the two models. The op-
timized parameter values are given in Table 1. In the gated-
channel model, only Eg, the apparent gating voltage, varied
fromone pH to the next; and in the two-barriermodel, only pa-
rameter B, reﬂecting the height of the outer barrier, varied
from curve to curve. Thus, either the apparent gating voltage-
shifted positive as pHo fell (Eq. 1), or the height of the outer
barrier diminished (Eq. 2). Both dependencies were linear
with pH, as demonstrated by the plots of Fig. 7. The
calculated Eg shifted positive 37.1 mV for each unit decline
of pHo, from 266 mV at pH 7.5; and the calculated
activation energy, Eb, diminished by 0.69 Kcal/mole for
each unit decline of pHo, from a value of 12.5 Kcal/mole at
pH 7.5. That slope for Eb would correspond to a voltage
slope of 30.1 mV/pH unit, ;20% less than the voltage slope
found in the gated-channel model.
Both models ﬁt the chloride-dependence data,
also with only one Cl2-dependent parameter
Optimal ﬁts of both models, to all nine I-V plots from Fig. 3,
are displayed in Fig. 8, with the solid curves representing the
two-barrier model, and the dashed curves representing the
gated-channel model. The corresponding parameter values
are listed in Table 2. Again, the ﬁtted curves did not differ
signiﬁcantly from the data. However, the fact that a new
spheroplast was used for each change of [Cl]i introduced
FIGURE 6 Goodness-of-ﬁt demonstrations for the
two models and the I-V plots of Fig. 4, at all four
values of extracellular pH. The Marquardt algorithm
(34) for nonlinear least-squares was used to calculate
the ﬁts jointly for all four data sets, holding three pa-
rameters in common, within each model. Parameter
values are listed in Table 1. (Left panel) Gated-channel
model, see Eq. 1. The values PK and f were ﬁxed.
Only Eg was required to vary with pH. (Right panel)
Two-barrier model, text Eq. 2. The values b2 and f
were ﬁxed. Only B (Eb) was required to vary with pH.
There are no statistically signiﬁcant deviations between
the ﬁtted curves and the plots, except for the low-
voltage points (positive to 80 mV) at pHo 4.5 (see
Table 1).
TABLE 1 Fitting parameters for pHo effects on the
TRK-mediated chloride currents (Fig. 6)
Gated-channel model
pHo 7.5 6.5 5.5 4.5
f [ 1.0 [ 1.0 [ 1.0 [ 1.0
PCl (10
6 cm/s) 0.861 0.861 0.861 0.861
Eg (mV) 267 231 188 157
zg [ 0.674 [ 0.674 [ 0.674 [ 0.674
X2 (from ﬁt) 4.3 2.2 7.8 18.8*
Two-barrier model
pHo 7.5 6.5 5.5 4.5
f (cm/s) [ 1.0 [ 1.0 [ 1.0 [ 1.0
a1 0.253 0.253 0.253 0.253
b2 [ 0.0 [ 0.0 [ 0.0 [ 0.0
A 1.223106 1.223106 1.223106 1.223106
B 1.723109 6.283108 1.703108 5.403107
Ea (Kcal/mole) 8.24 8.24 8.24 8.24
Eb (Kcal/mole) 12.5 11.9 11.1 10.5
X2 (from ﬁt) 2.3 1.9 5.8 23.4y
X2 (btwn models) 1.3 1.7 1.3 0.4
All data in Fig. 4, replotted in Fig. 6, were ﬁtted collectively to text Eq. 1,
for the upper panel; and to text Eq. 2, for the lower panel. The identity
symbol ([) means that each value was preassigned. For zg, the assigned
value was taken from the separate analysis of chloride effects (see Fig. 7
and Table 2). f was set equal to unity for these pH experiments, since each
protoplast was tested at all four values of pHo. See legend to Fig. 6 for
additional details. The reported values of A and B are proportional to
the average surface areas of the cells studied, and the values of PCl and PK
are inversely related to cell surface area. 200 mm2 was assumed, since
8.0 mm ¼ the rough average diameter for pmr1D spheroplasts used in the
patch-clamp experiments of Fig. 4.
*Signiﬁcant difference: r ;0.03 (9 degrees of freedom).
ySigniﬁcant difference: r ;0.005 (8 df).
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substantial randomness of cell size (surface area) into the
measurements, which is reﬂected by scattered values of
the scaling factor f. That parameter was ﬁxed at unity for the
standard condition (pHo ¼ 5.5, [Cl]i ¼ 183.3 mM), and it
changed generally in the same direction, for the two models,
at each other chloride concentration; but the optimized values
were certainly not identical between the two models.
Among the model-intrinsic parameters, only one in each
model needed to change with chloride concentration: zg in
Eq. 1, and a1 in Eq. 2. That is, raising intracellular chloride
reduced the apparent gating charge for channel opening,
from ;1.0 at low [Cl]i to ;0.5 at high chloride; or, it
reduced the distance separating the activation barrier a from
the inner surface of the membrane dielectric, from ;0.4 at
low chloride to ;0.2 at high [Cl]i. These parameters, both
of which affect the spread of the exponential expressions, in
Eq. 1 or Eq. 2, impinge on the shape of the I-V curves, not
just upon their scale. As is demonstrated in Fig. 9, both pa-
rameters, zg and a1, appeared to vary as simple exponential
functions of [Cl]i. The computed rate constants for this
decline differed by ;20%, again, as had the slopes of pa-
rameters Eg and Eb, varying with extracellular pH. Anoma-
lously low values were also found for zg and a1 at the lowest
cytoplasmic chloride concentration, implying a discontinuity
in the behavior of the measured currents with very low
chloride.
Inﬂuence of the extracellular
chloride concentration
Two special points must be made about these chloride-
dependent currents through the TRK proteins, but it is suf-
ﬁcient to make them via a single model, without the detailed
comparisons of Eq. 1 with Eq. 2. The ﬁrst point is that when
the intracellular chloride concentration was low, extracellu-
lar chloride clearly modulated chloride permeability.
These experiments were initially conducted as a boundary
test of Eq. 1: potassium was omitted from both intracellular
and extracellular solutions, and extracellular chloride con-
centration, [Cl]o, was varied to examine the experimental
reversal voltage for chloride currents through the TRK
proteins, without the complication of simultaneously altering
their steady-state amplitudes. That experiment failed as such,
because of small (;0.3 pA) random offset currents that
could not be corralled. However, when a ﬁxed current
was subtracted from each experimental I-V plot, sufﬁcient
FIGURE 7 Linear variation of the pH-dependent parameters, Eg and Eb,
from Fig. 6. Eb (d, right ordinate scale) was calculated from the ﬁtted
values of B: Eb ¼ RT ln(B), and the plot was scaled to make the slope of the
regression line, 0.69 Kcal mol1/pH unit, correspond to voltage, i.e., 30.1
mV/pH unit. Values of Eg (h) were taken directly from the ﬁtted results, and
have a regression slope of 37.1 mV/pH unit.
FIGURE 8 Goodness-of-ﬁt demonstrations for the
two models and the I-V plots of Fig. 3, at all nine
concentrations of intracellular chloride. General me-
chanics and strategy of ﬁtting were similar to those of
Fig. 6. Parameter values are listed in Table 2. (Left
panel) [Cl]i from 0.01 mM to 95.8 mM. (Right panel)
[Cl]i from 95.8 mM to 591 mM. Plot and curves for
95.8 mM are shown in both panels, to emphasize the
change in ordinate scale between the two panels.
(Dashed curves) Gated-channel model, see Eq. 1. PK
was ﬁxed; only zg varied systematically with [Cl
]i.
(Solid curves) Two-barrier model, see Eq. 2. b2 was
ﬁxed. Only a1 varied systematically with [Cl
]i. f was
found separately for each plot (see Table 2; set equal to
unity for 183.3 mM chloride), to accommodate differ-
ences in physical size of spheroplasts selected for
patch-recording. There are no statistically signiﬁcant
deviations between the ﬁtted curves and the plots, except for the low-voltage points (positive to 80 mV) at 591 mM chloride. [Note that at very low [Cl]i,
0.01 mM and 8.3 mM in these experiments, Eqs. 1 and 2 both require accounting for residual permeability to other ions, assumed in Eq. 1 to be potassium: thus,
PK. Because there is no accepted simple convention to include other ions in formulation of Eq. 2, a pseudo-concentration term, ¼ 19.3 mM, was added to the
actual 0.01 mM and 8.3 mM to make those two I-V curves compatible with the other seven].
2418 Rivetta et al.
Biophysical Journal 89(4) 2412–2426
to force the plot through the calculated chloride-reversal
voltage (ECl), the effect of [Cl
]o on total current became
apparent. Summary data, with ﬁts to the gated-channel
model, are shown separately in Fig. 10 for high (183.3 mM)
and low (1–3 mM) [Cl]i. The data in Fig. 10 A, with [Cl
]i
¼ 183 mM, yielded PCl ¼ 0.97 3 106 cm/s at high
extracellular chloride, and a hardly signiﬁcant increase—to
1.15 3 106 cm/ s—at very low [Cl]o. These numbers
were comfortably close to the range obtained from the ﬁts of
Figs. 6 and 8 (Tables 1 and 2), that is, 0.635–0.861 3 106
cm/s. The data in Fig. 10 B, for low intracellular chloride,
yielded distinctly larger values of PCl: 1.54 3 10
6 cm/s at
[Cl]o ¼ 100 mM, and 2.90 3 106 cm/s for [Cl]o in the
range 1–3 mM. These values proved signiﬁcantly different
with r , 0.005 (Student’s t-test), demonstrating that the
chloride permeability of the TRK proteins could be mod-
ulated by extracellular [Cl], but that such modulation was
evident only when intracellular [Cl] was low. [Note that
since low Cl and K1 concentrations, both intracellular and
extracellular, were achieved in these experiments partly
by replacing KCl with sorbitol, it is possible that ionic
strength—not purely chloride concentration—affected PCl.]
However, whether the observed changes reﬂected altered
selectivity in the ion-channeling process remains to be de-
termined.
A further surprise in the results of Fig. 10 B was that Eq. 1
could not be ﬁtted to the observed steady-state I-V curves
when zg ¼ 1, predicted along the ﬁtted curve of Fig. 9 (solid
circles). A much lower value, near 0.7, was required, again
consistent with the anomalous value actually plotted in Fig. 9
for [Cl]i near zero. This ﬁnding reinforces the notion of
a functional discontinuity in chloride permeability at very
low intracellular chloride concentrations.
TABLE 2 Fitting parameters for [Cl2]i effects on the TRK-mediated chloride currents (Fig. 8)
Gated-channel model
[Cl]i (mM) 0.01 8.3 30.2 52.0 95.8 139.5 183.3 258 591
f 1.15 0.687 0.974 1.08 0.863 0.848 [ 1.0 0.848 0.848
PCl (10
6 cm/s) 0.635 0.635 0.635 0.635 0.635 0.635 0.635 0.635 0.635
PK (10
6 cm/s) [ 0.14 [ 0.14 [ 0.14 [ 0.14 [ 0.14 [ 0.14 [ 0.14 [ 0.14 [ 0.14
Eg (mV) 179 179 179 179 179 179 179 179 179
zg 0.715 1.02 0.919 0.942 0.754 0.761 0.674 0.620 0.521
X2 (from ﬁt) 0.41 1.97 1.30 4.29 2.08 1.26 1.83 2.24 14.6*
Two-barrier model
[Cl]i (mM) 0.01 8.3 30.2 52.0 95.8 139.5 183.3 258 591
f (cm/s) 1.42 0.517 1.051 0.906 0.807 0.764 [ 1.0 0.983 1.33
a1 0.320 0.399 0.393 0.371 0.323 0.312 0.279 0.254 0.209
b2 [ 0.0 [ 0.0 [ 0.0 [ 0.0 [ 0.0 [ 0.0 [ 0.0 [ 0.0 [ 0.0
A 2.24 3 106 2.24 3 106 2.24 3 106 2.24 3 106 2.24 3 106 2.24 3 106 2.24 3 106 2.24 3 106 2.24 3 106
B 1.24 3 109 1.24 3 109 1.24 3 109 1.24 3 109 1.24 3 109 1.24 3 109 1.24 3 109 1.24 3 109 1.24 3 109
Ea (Kcal/mole) 8.60 8.60 8.60 8.60 8.60 8.60 8.60 8.60 8.60
Eb (Kcal/mole) 10.97 10.97 10.97 10.97 10.97 10.97 10.97 10.97 10.97
X2 (from ﬁt) 0.44 3.34 3.13 6.60 2.84 2.64 2.61 2.13 10.12
X2 (between models) 0.65 0.97 1.64 1.76 0.28 0.87 0.21 0.11 2.7
All data in Figs. 3 and 8 were ﬁtted collectively to text Eq. 1, for the upper panel; and to text Eq. 2, for the lower panel. Symbol notes as for Table 1. Fits
were optimized with parameters found as indicated: In the gated-channel model (Eq. 1), gating voltage (Eg) and chloride permeability (PCl) were found in
common for all nine plots, whereas the apparent gating charge (zg) and size-scaling factor (f) were found for each curve. The assumed standard cell size
was 8-mm diameter, 200-mm2 surface area. In the two-barrier model (Eq. 2), A and B were found in common for all nine plots, and f and a1 (the position
of barrier a) were found separately. The resulting curves did not differ signiﬁcantly from the data plots, except for Eq. 2 at the highest chloride con-
centration.
*Signiﬁcant difference: r ; 0.07 (7 df).
FIGURE 9 Exponential variation of the chloride-dependent parameters,
zg and a1, from Fig. 8. Both sets of points represent the ﬁtted values (see
Table 2), and the plots are scaled so the extrapolated maximal values
coincide at 0 [Cl]i: 1.04 for zg, and 0.42 for a1. The exponential slope
constants for the two parameters are 0.0062 and 0.0052; and the offsets
(limiting values at very high chloride concentration) are 0.51 and 0.20,
respectively. Points plotted near 0.7 and 0.8 on the left ordinate scale (for
[Cl]i ¼ 0.01 mM) were excluded from the ﬁts.
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The second special point: Trk1p and Trk2p
are kinetically identical, with respect to
chloride currents
Previous studies of the TRK proteins had observed
signiﬁcant dependences of current amplitude upon strain
background (i.e., W303 versus S288c) and upon cell size
(22,30,35). In fact, the proof that both proteins—Trk1p and
Trk2p—contribute signiﬁcantly to total chloride currents
made use of background- and size-comparisons for three
genotypes: wild-type (TRK1 TRK2), TRK2-deleted (TRK1
trk2D), and TRK1-deleted (trk1D TRK2). For each back-
ground/cell size, the amplitude of chloride current in the
wild-type approximately equaled the sum of chloride cur-
rents in the TRK1-deleted and TRK2-deleted strains (22).
Fitting of Eq. 1 to these data demonstrated that the gating
parameters, Eg and zg, were stable and independent of cell-
size or expression level. Analysis of these experiments—
which were completely independent of those in Figs. 3 and
8—is displayed in Fig. 11. All parameters could be ﬁxed at
the values from Figs. 8, except for PCl and—in the case of
FIGURE 10 Given low [Cl]i, extracellular chloride
also modulates chloride efﬂux. (A) [Cl]i¼ 183.3 mM,
pipette solution was buffer G. For patch-recording,
gigaseals were obtained in Buffer 5.5 (pHo ¼ 5.5,
[Cl]o ¼ 180 mM) and, after the control voltage-clamp
sequence was run at least once, [Cl]o was dropped by
perfusing the chamber with chloride-free Buffer 5.5
(gluconate buffer; see Materials and Methods). (B)
[Cl]i ;1.5 mM, pipette solution contained ;0 K
1
and 1.5 mM chloride. Gigaseals were obtained in
modiﬁed Buffer 5.5, containing ;0 mM K1 and 100
mM Cl; and again, after the control voltage-clamp
sequence was run, buffer chloride was lowered, to 1–3
mM with different spheroplasts, averaging 2.6 mM.
Each panel represents averages of paired measurements
on 3–5 single spheroplasts, so the cell-size factor (f)
could be set to unity throughout. The smooth curves all
represent Eq. 1 (gated-channel model) ﬁtted to the data
with Eg ¼ 178.8 mV, zg ¼ 0.674 (both taken from
Table 2), and PK ¼ 0. Only the apparent chloride
permeability needed to be adjusted: PCl (10
6 cm/s) ¼
0.97, 1.15, 1.54, and 2.90, reading from top downward in A, then in B. Strain EBC 202 (TRK1 TRK2 TOK1 pmr1D) used throughout. Note the ; 50-fold
expansion of the ordinate scale from A to B, due to the much smaller chloride currents at low millimolar [Cl]i.
FIGURE 11 Trk1p and Trk2p are kinetically iden-
tical with respect to chloride currents, across strain
backgrounds and cell sizes. All experiments were
conducted at pHo ¼ 5.5 and [Cl]i ¼ 183 mM, and
Eq. 1 was ﬁtted with the same parameters determined
for Fig. 8 (Table 2, gated-channel model), except for f
(cell size) and PCl. (A) Wild-type expression of Trk1p
and Trk2p; strains PLY232, BS202, and EBC202
(curves a, b, and c, respectively). (B) Only Trk1p
expressed; strains PLY236, EBF202, and EBJ 202
(read from top downward). (C) Only Trk2p expressed;
strains PLY234, EBE203, and EBH203 (read from top
downward). f was set at unity for all the spheroplasts
enlarged by pmr1D, i.e., the lower curve in each panel.
All of the normal-sized spheroplasts were assumed to
have a common value of f, optimized at 0.567 by the
ﬁtting procedure. Values of PCl were found separately
for each plot in the S288c background (a, top in each
panel), and in common for each pair in the W303
background (b; c-pmr1D). Growth medium for trk1D
strains was supplemented with 90 mM KCl, and all
cells were maintained in elevated potassium (150–220
mM) after spheroplasting (see Materials and Methods). Plotted points taken from Fig. 7 of Kuroda et al. (22), but curves here are ﬁtted (Eq. 1), not drawn point-
to-point. Parameter values listed in Table 3.
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small cells (wild-type for PMR1)—the scaling parameter
f. Fitted parameter values and other details are given in
Table 3.
Although the ﬁts with these constraints were not perfect,
the deviations proved signiﬁcant only for strains EBF202
(trk2D, Fig. 11 B) and EBE203 (trk1D, Fig. 11 C) in the
W303 background; and the computed deviations clearly
could have been eliminated by slightly different average cell
sizes for those two strains, relative to the PLY strains (S288c
background). The apparent chloride permeabilities have
been taken to reﬂect expression densities of functional TRK
protein in each strain, and agreement between the sums for
the paired deletion strains and their corresponding wild-type
strain complements the agreement of simple amplitudes
previously demonstrated (22); i.e., in column 1 of Table 3,
0.266 1 0.092 ¼ 0.358 ;0.366; and in columns 2 and 3,
0.426 1 0.306 ¼ 0.732 ;0.762.
Rationalizing the models: What should happen
at extreme voltages?
Within the realm of data suitable for quantitative analysis,
there is no signiﬁcant difference between the gated-channel
model for chloride movement through the TRK proteins,
and the two-barrier model. But clear distinctions should
emerge, in principle, at large voltages, recalling that zc ¼ 1
in both Eqs. 1 and 2, and that zg . 0, Im (Eq. 1)/ 0 for
large positive Vm, because the gating factor (third bracketed
term) approaches zero. Im (Eq. 2), on the other hand, re-
sembles a sinh function, rising exponentially with large
positive Vm. Unfortunately, the yeast plasma membrane
breaks down rapidly at clamped voltages positive to 1100
mV, even in strains with the conspicuous outwardly
rectifying K1 channel, Tok1p, deleted. Thus, it has not
been possible to collect data over a range of positive mem-
brane voltages suitable to distinguish between the two
kinetic models.
Circumstances proved somewhat more favorable for
large negative membrane voltages, where the yeast sphe-
roplast membrane occasionally tolerated clamped voltages
as large as 300 mV, thereby resembling the better-studied
ascomycete Neurospora. In that realm, the gated channel
model approaches a linear, Ohmic current-voltage relation-
ship, while the two-barrier model, again, resembles a sinh



















where not only the limiting exponential dependence of Im on
Vm is apparent, but also the fact that the parameter A in Eq. 2
TABLE 3 Parameter values for ﬁtting Eq. 1 to multistrain data
on TRK-dependent chloride currents (Fig. 11)
Genotype: TRK1 TRK2
Strain PLY232 BS202 EBC202
Background S288c W303 W303, pmr1D
f (cm/s) 0.567 0.567 [1.00
PCl (10
6 cm/s) 0.366 0.762 0.762
Eg (mV) [ 178.8 [ 178.8 [ 178.8
zg [ 0.674 [ 0.674 [ 0.674
Genotype: TRK1 trk2D
Strain PLY236 EBF202 EBJ202
Background S288c W303 W303, pmr1D
f (cm/s) 0.567 0.567 [ 1.00
PCl (10
6 cm/s) 0.266 0.426 0.426
Eg (mV) [ 178.8 [ 178.8 [ 178.8
zg [ 0.674 [ 0.674 [ 0.674
Genotype: trk1D TRK2
Strain PLY234 EBE203 EBH203
Background S288c W303 W303, pmr1D
f (cm/s) 0.567 0.567 [ 1.00
PCl (10
6 cm/s) 0.092 0.306 0.306
Eg (mV) [ 178.8 [ 178.8 [ 178.8
zg [ 0.674 [ 0.674 [ 0.674
All data in Fig. 11 were ﬁtted jointly to Eq. 1. The identity symbol ([)
denotes values preassigned from ﬁts of Fig. 8, for Eg and zg; and
arbitrarily for f [ 1 (right-hand column), representing a standard surface
area of ;200 mm2, for pmr1D cells. The small cells (wild-type PMR1)
were selected for nearly uniform size, and the resulting current data could
be ﬁtted with a common f for all six cases. PCl was found in com-
mon for spheroplasts of the two W303 backgrounds within each TRK geno-
type. PK was insigniﬁcant with [Cl
]i .100 mM, and was set to zero for
these ﬁts.
FIGURE 12 Theoretical discrimination between the two models at large
negative membrane voltages. (Upper set of curves) Equation 1 using
parameter values from Table 1 (upper section). (Lower set of curves)
Equation 2 using parameter values from Table 2 (lower section). Values of
pHo, read from top down, are 7.5 (black), 6.5 (red), 5.5 (blue), and 4.5
(black). Limiting behavior for the gated-channel model is Eq. 3; limiting
behavior for the two-barrier model is Eq. 4. Note that the paired curves are
nearly identical for Vm positive to 200 mV, coinciding with the curves in
Fig. 6. Scale on the abscissa begins at 140 mV.
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functions as the reciprocal of permeability. The extended I-V
curves for both models are drawn in Fig. 12, with parameter
values from Table 1 for the four different values of pHo. The
single Ohmic asymptote for Eq. 1 (upper four curves) is
evident, and the coincident and increasingly steep slopes of
Eq. 2 are also clear.
These curves, taken pairwise, are essentially identical out
to Vm  200 mV, but deviate signiﬁcantly by 225 mV
and convincingly by 250 mV. Five yeast spheroplasts—
out of the several hundred studied in these experiments—
permitted a comparison, and are demonstrated in Fig. 13.
Curves through these ﬁve I-V plots were drawn by eye,
without prejudice of ﬁtting to either model. None of them
showed an inﬂection, which should have been evident by the
gated-channel model—near280 mV for data at pH 7.5, and
near 220 mV for pH 4.5. In other words, all of these data
plots extrapolate increasingly steeply toward more negative
membrane voltages, a qualitative result which is consistent




The observed large chloride currents are almost certainly an
adventitious function of the yeast TRK proteins, rather than
an evolved function. Saccharomyces requires no more than
trace chloride for normal growth, and actual cytoplasmic
concentrations much higher than 30 mM—i.e., sufﬁcient to
produce physiological currents like those demonstrated in
most panels of Fig. 2—should short-circuit the proton pump
and strongly inhibit the majority of voltage-dependent,
proton-coupled nutrient transporters and drug efﬂux systems
at the cell surface. Such deleterious effects of chloride
leakage from microelectrodes have also been well demon-
strated in other systems (31,36). Massive chloride efﬂux, if it
is ever required physiologically by yeast, should be ac-
complished by electroneutral transport of salt or exchange of
anions, and the demonstrated chloride permeability of TRK
proteins probably plays only the limited role of providing
a trickle pathway for voltage-driven exit of chloride.
Choice of kinetic models
The normal function of TRK proteins, in fungi, bacteria, and
most plants, is well established to be net uptake of potas-
sium sufﬁcient to maintain intracellular K1 concentration
near ;200 mM, during rapid growth of the organism. Net
transport via the TRK proteins, absent competing systems for
K1 inﬂux or efﬂux, should therefore equal the product of
steady-state internal concentration and growth rate, which is
;1 mM/min for Saccharomyces. That is ;10% of the
maximal K1 inﬂux afforded by the TRK systems in yeast,
and ;1% of the currents described above, under standard
recording conditions (pHo ¼ 5.5, [Cl]i ¼ 183 mM, Vm ¼
180 mV). The measured chloride currents, then, are very
large compared with normal carrier-mediated potassium
currents through the TRK proteins, and elicit the notion of
channel behavior, which has given rise to the explicit
voltage-gated channel model of Eq. 1. That model makes
a conceptual distinction between the mechanism of charge
movement, per se, which would be diffusion along chloride’s
electrochemical gradient, and accessibility via a voltage-
activated gate lying astride—rather than within—the trans-
port pathway.
The alternative model, in Eq. 2, also requires two discrete
processes, but they are conceptually and formally homolo-
gous and should both lie within the transport pathway, where
the membrane’s electric ﬁeld would boost chloride ions
through the controlling chemical or physical reactions.
Although it has been realized for more than 30 years that
activation-energy-barrier models of this sort could, in
principle, describe the kinetic behavior of both conventional
ion channels and carrier-type ion transporters (37–39), few
attempts have been reported at quantitative comparison of
the two classes of models on single homogeneous sets of
data.
Our preference for the two-barrier model, rather than
the voltage-gated channel model, rests ﬁrst on the difﬁcult-
to-obtain data at very high () membrane voltages, where
conductance was found to increase continuously with volt-
age (Fig. 13). Our preference rests second on the fact that
speciﬁc kinetic effects of changing [Cl]i and pHo separate
cleanly into parameters naturally associated with the inner
surface (a1) and outer surface (Eb) of the cell membrane,
consistent with the pre-existing structural model described
below.
FIGURE 13 All available data show continuously increasing slope
conductances at voltages beyond 200 mV. Only these ﬁve spheroplasts
tolerated voltage-clamping at 220 to 300 mV. Standard recording
conditions, as for Figs. 2–4; two cells at pHo 7.5, two at pHo 4.5, and one at
pHo 5.5. Scale on the abscissa begins at 110 mV.
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The central-pore hypothesis: Does Cl2 traverse
the axial channel of TRK oligomers?
Durell and Guy (16), in drawing the ﬁrst atomic-scale models
of TRK-family proteins, not only predicted the K1-channel-
like folding of these molecules, which has since been
conﬁrmed (18,19,21), but also argued that proteins in the
fungal subfamily could well oligomerize into dimers or
tetramers. Motivation for this idea came from the observation
that unexpectedly high degrees of sequence conservation and
hydrophilicity persist in residues forming the transmembrane
helices of fungal TRK proteins, particularly M2c, M1d, and
M2d (see Fig. 1), so that a substantial fraction of conserved,
hydrophilic residues should face the membrane’s phospho-
lipids, not just the interior of the postulatedK1 channel. Since
little sequence conservation is expected among residues
principally forming a hydrophobic interface within the
membrane, Durell and Guy proposed amore speciﬁc function
for the conserved residues, i.e., to cluster the monomers. In
that way, conserved and hydrophilic residues on onemolecule
could complement those on another molecule, without ex-
posure to the membrane lipids. The most compact variant of
this idea was the tetramer shown in Fig. 5 of Ref. 16, for the
SpTRK1 homolog from Schizosaccharomyces pombe.
Coordinates from that construct were used to generate Fig.
14, showing the entire tetramer in A, then ribbon (B and D)
and space-ﬁlling diagrams (C and E) of the helices im-
mediately bounding the central channel, viz., M1d on the
inside, and M2d on the outside; basic residues are high-
lighted in red and acidic residues, in blue. It can be seen
from the en face view that the channel widens into a sub-
stantial vestibule toward the inner surface of the fourfold,
two-helix array (i.e., projecting toward the reader in Fig. 14
B), and is there festooned with positive charges, which
should create a well for mobile anions. The corresponding
longitudinal view, shown in Fig. 14,D and E, reveals the ves-
tibule to be ﬂask-shaped and to narrow sharply into the
channel proper, which should be ;7.2 A˚ in diameter at the
bottom of the vestibule,;3.4 A˚ at the narrowest point, amid
the four phenylalanine side chains, and ;5.7 A˚ at the outer
end (bottom).
Although the diameter of chloride ions (;3.7 A˚; Dean
(40)), is larger than the narrowest part of this hypothetical
structure, a likely more important physical problem is that
liquid water becomes unstable in hydrophobic pores below
;6 A˚ diameter, according to molecular dynamic simulations
(41,42). Reasonable allowance for thermal ﬂuctuations
would still leave the narrowest part of this postulated chan-
nel below that limit, so that anion currents (and water) would
need to be punched through the narrow part by large gradi-
ents, even though the vestibule and upper (inner) portion of
FIGURE 14 Hypothetical structure sur-
rounding the central pore of the proposed
TRK tetramer, for the (Sp)Trk1p homolog
from Schizosaccharomyces pombe. Coor-
dinates provided by Durell and Guy (16).
(A) Perspective of the membrane compo-
nents of the whole tetramer. White (back-
ground), stick-ﬁgure representation of the
six transmembrane helices, M1a through
M2c (refer to Fig. 1), in all four monomers.
Magenta, clustered selectivity sequences of
the P-loops, to indicate the expected
location of the K1-transport path through
each monomer. (B and D) Ribbon diagrams
of the interfacial transmembrane helices,
M1d (inner) and M2d (outer), viewed (B)
down the axis of the central pore from the
intracellular surface of the yeast plasma
membrane; and viewed (D) in axial (longi-
tudinal) section from within the plane of the
membrane. (C and E) Space-ﬁlling dia-
grams (H atoms omitted) corresponding to
B and D. Drawings made with PyMol
(DeLano Scientiﬁc, South San Francisco,
CA). Green, neutral amino acids; red, basic
amino acids; and blue, acidic amino acids.
At the inner surface (C), charged residues would form a rather wide vestibule leading into a much narrower central pore. Both Saccharomyces proteins would
have an additional basic residue, facing laterally, near the inner end of eachM1d helix. At the outer surface (bottom end ofD and E), neutral residues would also
expand the channel, but only slightly. Blue spheres represent chloride ions in transit, without intention to designate a preferred site. Position 1, entry diameter of
the pore ;9.5 A˚; position 2, widest part of the vestibule ;15.5 A˚; channel narrows abruptly below position 2, to ;7.2 A˚ amid the tryptophane side chains.
Position 3, chloride securely within the channel proper. Position 4, supposed deepest penetration without voltage; below that, channel narrows to;3.4 A˚, amid
the phenylalanine side chains. Position 5 (light blue), passage to this point and on out of the pore would require voltage-driven punchthrough. (See Appendix B
for amino-acid sequences.)
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the channel proper should normally be occupied by aqueous
solution from the inner surface of the membrane.
This hypothetical structure for TRK-protein tetramers
lends itself well, qualitatively at least, to the pHo-dependence
of the outer barrier height (Eb), and to the [Cl
]i-dependence
of the inner barrier position (a1), in the two-barrier kinetic
model (Fig. 5, Eq. 2). The ring(s) of positive charge lining
the vestibule near the inner surface of the membrane should
create an electrostatic ﬁeld with two roles: acting as a well for
mobile anions, and holding the structure open. Raising free
chloride concentration in the boundary solution should tend
both to ﬁll the well and to constrict it, thus shifting the energy
barrier Ea toward the inner surface of the membrane. In a
complementary way, changing pHo might alter the effective
stiffness or stability of the outer end of the helix array, thus
reducing the electric ﬁeld required to punch chloride ions
(and water) through the phenylalanine ring, i.e., over Eb.
Relaxation at the outer end of the structure need not reside in
the passage wall per se, but in the mix of electrostatic and hy-
drophobic forces which hold the protein tetramer together.
Relation to other systems
This central pore hypothesis for TRK-dependent chloride
currents would avoid the major problem of drastically switch-
ing afﬁnities to permit both normal cation inﬂux and the
unexpected chloride efﬂux through the same channel. It also
has the practical experimental advantage of focusing atten-
tion on speciﬁc amino acid residues which should be critical,
and which are easy targets for both mutagenetic tests and
crosslinking analysis. Such experiments on the yeast TRK
proteins could shed light on a variety of other systems with
adventitious chloride currents. Oligomerization is itself
a commonplace phenomenon among membrane proteins,
and evolution has widely appropriated the resulting central
pores for critical transport functions, e.g., in F-type ATP
synthases, in V-type ATPases, in transmitter-receptor pro-
teins such as the acetylcholine receptor (AchR), in bacterial
and mitochondrial porins, and in bona ﬁde potassium chan-
nels. Thus, transport between protein molecules is well estab-
lished, but adventitious ﬂuxes are rarely reported, because—by
deﬁnition—the necessary conditions are rarely tested. Other
candidates for central-pore and/or adventitious conduc-
tion include the apparent bulk ﬂow of water via certain
aquaporins (43), gas transport via aquaporins (44), chloride
currents through ABC-type transporters (45,46), and the
amine- and amino-acid-activated chloride currents through
transmitter transporters in neural tissue (1–4). For the latter,
hard structural data on oligomerization is now beginning to
emerge (10,47). Most importantly, cryoelectron microscopic
pictures of the glutamate transporter EAAT3 (expressed in
Xenopus oocytes) have demonstrated a pentameric assembly
with an apparent central pore opening to the external mem-
brane surface. This pore has also been proposed as a pathway
for chloride (47).
APPENDIX A: STEADY-STATE KINETICS FOR
TWO-BARRIER TRANSIT OF CHLORIDE
The simplest barrier model which can approximate the current-voltage
data in Figs. 3 and 4 contains two activation steps, a and b, in series within
the membrane dielectric, as depicted in Fig. 5 (top panel). From reaction-
rate theory, chloride efﬂux (rightward) across each of the two barriers can
be written as
oJa ¼ PCli expðEa=RTÞexpðzca1FVm=RTÞ
and
oJb ¼PClv expðEb=RTÞexpðzcb1FVm=RTÞ; (A1)





Jb ¼PClo expðEb=RTÞexpðzcb2FVm=RTÞ; (A2)
where P is an experimental scaling constant, Ea and Eb are the activation
energies at the two barriers, a1, b1, etc. are the fractional distances which
locate the barrier peaks, Cli and Clo are the intracellular and extracellular
concentrations of chloride, Clv is a virtual concentration of chloride within
the energy trough, zc is the transported charge ¼ 1 for chloride, and R, F,
and T have their usual meanings. By deﬁnition, a1 1 a2 1 b1 1 b2 ¼ 1, the
full thickness of the membrane dielectric.
For Eqs. A1 and A2, the electric ﬁeld (potential gradient) across the
membrane is assumed to be constant. Membrane voltage, normally
negative inside the cell, subtracts from the energy barrier for exiting
anions, and adds to the energy barrier for entering anions. As will be seen
below, the assumption of steady-state transport allows four parameters to
drop out of these formal relationships: the virtual concentration Clv, the
depth of the trough, and the fractional distances a2 and b1. The equations
can be simpliﬁed by substituting A[ exp(Ea/RT) and B[ exp(Eb/RT) into
Eqs. A1 and A2.
Transmembrane current represents the net ﬂux of chloride, and—by the
steady-state assumption—is equal across the two barriers, so that








A deﬁnitive equation for the steady-state transmembrane current of chloride
is then obtained by substituting this expression for Clv into Eqs. A1 and A2,
expanding (the ﬁrst half of) Eq. A3 accordingly, rearranging and canceling
appropriate terms, and folding the scaling constant P into 1/A and 1/B. Then,
ﬁnally,
Im ¼ zcFCli expðzca1FVm=RTÞClo expðzcð1a1ÞFVm=RTÞ
A1Bexpðzcð1a1b2ÞFVm=RTÞ :
(A6)
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APPENDIX B: AMINO ACID SEQUENCES
The amino-acid sequences of M1d and M2d in SpTrk1p, ScTrk1p, and
ScTrk2p, are shown below. Sequence similarity (identity plus conservative
substitutions) between ScTrk1p and ScTrk2p is 95–100% for the two
helices, and between SpTrk1p and ScTrk2p, is 74–77%.
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